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The altitude  operational  characteristics of the  prototype J40-WE-8 
turbojet engine were determined in   the  WCA Lew-is al t i tude wind tunnel. 
The operational  characteristics that w e r e  obtained  include (1) com- 
pressor  surge  characteristics, (2) acceleration and deceleration  rates, 
(3) steady-state windmilling-engine characteristics, (4) alt i tude  igni-  
t ion  characterist ics, 'and (5) the  effect of two grades of f'uel on steady- 
state engine performance a t  one al t i tude and one f l i gh t  Mach number. 

The compressor surge  line, when presented as a function of com- 
pressor  pressure r a t i o  and corrected engine speed, was not  affected by 
changes i n  f l i gh t  condition and w a s  independent of engine-inlet imtalla- 

Also, there was no effect  of altitude o r  engine-inlet  installatfon on 
the compressor surge  recovery l i ne  when presented  as a function of cam- 
pressor  pressure  ratio and corrected  englne speed. 

.. t ion and of the manner i n  which surge w a s  approached, rapidly  or slowly. 

. 
The time required t o  accelerate from an i n i t i a l  engine  speed t o  

rated engine  speed was found to  increase as a l t i tude  was increased o r  
a.6 f l i gh t  Mach  number decreased. The time required t o  decelerate  to a 
given  engine speed from rated engine  speed  increased as al t i tude 
increased. 

There was m effect of al t i tude on corrected  steady-state 
windmilling-engine  drag, speed, o r  air flow at a given f l i g h t  Mach number. 

An ignition procedure i n  which the  f'uef flow w a s  maintained  constant 
during  the  ignition  period was found t o  give alt i tude  ignit ion charac- 
ter is t ics   suser ior  t o  those  for  an  ignition procedure in which the f'uel 
f l o w  was varied i n  an approximate sinusoidalmanner. Reduction i n  igni- 
tion f'uel  temperature from 50° t o  -28O F drastically reduced the rangq 

flow f o r  which consistent ignition was obtained wss found t o  be lower 
f o r  the more vo la t i l e  fuel (MIL-F"5624.A grade JT-3) than fo r  the  less  

- f o r  which consistent  ignition w a s  obtained. The value of ignition f'uel 

& v o l a t i l e  fue l  (ML-F-5624A grade JP-4). 

Similar effects on steacy-state engine Performance characteristics 
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INTRODUCTION 

The al t i tude performawe  characteristics o f t h e  prototype 540-WE-8 
' t u rboje t  engine were determined i n  t h e  NACA Lewis al t i tude wind tunnel. 
The steady-state engine  performance characteristics are presented i n  
references .l t o  3. The altitude  operational  characteristic6 of the 
engine are  presented  herein. 

The operational  characteristics  that were obtafned  include (1) com- 
pressor  surge  characteristics, (2) acceleration and deceleration rates, 
(3) steady-state windmilling-engine characteristics, (4) al t i tude  igni-  
tion  characteristics, and (5) the  effect  of two grades of fuel on 
s-y-state engine performance. 

With  two different  engine-inlet  installations and over a range of 
flight conditions, the compressor surge  characteristics  obtained  during 
rapid changes i n  fuel flow i n  this  investigation  are compared with the 
surge limits obtained when surge is slowly approached by varying  turbine- 
nozzle-diaphragm area (ref. 3). The effect  & flight condition on 
accelerat-lon and deceleration rates with t he  standard control  operative 
is presented.  Corrected  steadyrstate  windmilling-engine drag, speed, 
and air.f.low with  variation of f l i gh t  Mach rider for  a range of a l t i -  
tudes from 15,000 to 45,000 feet are given. The alt i tude  ignit ion 
characteristics determined include  the  effects of (1) ignit3on fuel flow, 
(2) two ignition procedmes, (3) fuel temperature, and (4) two grades of 
fuel on ignition  characteristics. The results of a brief study of the 
effect  of the two different grades of fuel (MIL-F-56248 grades JP-3 and 
JP-4) on steady-state engine performance a t  an al t i tude of 45,000 fee t  
and a . f l igh t  Mach zluniber of 0.20 are also given. 

The prototype 540-WE-8 turbojet  engine,.  with  and w-ithout an after- 
burner, was used fo r  this investigation. A view of' the engine  with  the 
afterburner installed i n  the al t i tude w 3 n d  tunnel is presented i n  f ig -  
ure 1. 

A mmfacturer ' s  rating for the  prototype J40-WE-8 turbojet engine, 
e i ther  with or  without  an  afterburner, i s  not available a t  the present 
time. However, the rating of the  prototype J40-WE-8 engine without 
afierburner would be similar to   the   ra t ing  of the J40-WE-6 engine, which 
has a static  sea-level thrust of 7500 pomds a t  an engfne  speed of 
7260 r p m  and a turbine-inlet temperature of 1425O F (which corresponds 
t o  a turbine-outlet -temperature of  approximately 11200 F). A t  this 
operating  conUtion, the air flow was appTx+tely 142 pounda per 
second, and the compressor pressure  ratio w a s  about 5.1. 

. 
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I The principal camponents of the  prototype J40-WE-8 engine with and 
without an afterbwmer  are: an 11-stage axial-flow compressor, a single- 
annular combustor, a 2-stage  turbine, a diffuser, and a vwiable-area 
exhaust  nozzle. The maximum exhaust-nozzle-outlet area was 614 square 
inches for the  engine with the  afterburner and 534 square iTiches f o r  the 
engine  without the afterburner. 

Engine f u e l  i s  sprayed downstream into  the combustor t h e  
16 spring-loaded  variable-area  nozzles  equally spaced circumferentially 
a t  the upstream end of the combustor. E q u a l  proportions of f ie1 &e 
metered  through  each fuel nozzle by the combined action of the engine 
fie1  distributor,  the  equalizing valves, and the  spring-loaded  varkble- 
area  nozzles. 

The engine ignition system is  of the low-voltage high-energy surface- 
gap ignition  type. Two surface-gap spark plugs are located at the forward 
end of  the combustor l fner  at two ,radial  positions, approximately a t  
4 and at 8 o'clock. The spark generated by the  fgnition systepn produces 
0.4 joule during a  time  duration of 40 microseconds. The spark frequency 
was 13 sparks per second. 

Engine Control Systems 

- Standard  control. - The term standard  control  refers t o  the manu- 
facturer's  integrated  electronic  control. The standard  control was 
designed t o  provide  approximately 1inea.r variation of e n a e  thrust  with 
t h r o t t l e  position for steady-state engine  operation. T h i s  varh t ion  w a s  
accomplished by  scheduling  engine speed and turbine-outlet  temperature 
as E function of  thrott le  posit ion.  The standard  control regulates 
engine fue l  flow and exhaust-nozzle area t o  give the scheduled engine 
speed and turbine-outlet temperature.  For acceleration from low speeds, 
i n  which the   th ro t t le  is  advanced in  a stepwise manner, the  standard 
control  drives  -the exhaust-nozzle, mea to the open posltion f o r  the 
ini t ia l   por t ion of the transient and increases the fuel flow rapidly 
unt i l   the  value of steady-state  rated  turbine-outlet temperature. is 
reached. In the final portion of the  acceleration, t he  standard control 
80 ad jus ts  the   fuel  flow and t h e  exhaust-nozzle area that the required 
engine  speed and turbine-outlet  temperature as determined by t h e   f i n a l  
t h r o t t l e  p o s f t i m  are  attained. During the  acceleration  period,  the 
turbine-outlet temperature €8 limited eo the value of steady-state  rated 
turblne-outlet  temperature by the standard control which regulates  the 
fuel flow. 

.. WBen the  throt t le  is retracted suddenly d u r i n g  deceleration m e  in 
whioh large speed changes occur, the exkaust-nozzle area is decreased 

- d u r i n g  the €.nitial portion of the deaeleratim. A8 the final engine 
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speed, determined by the  throttle  position, is approached, the exhaust- . 
nozzle  area is Increased t o  glve  the  desired engine operating  conditions. 
In the  event of fa i lure  of components of the standard control,  fail-safe 
features have  been provided, and it is pO88ible t o  operate  the engine on 
an emergency hydraulic  control system. A complete description of' the 
operation of a control which is practically  the same as the standard 
control is given in reference 4. 

. 

Modified control. - In order to  obtain  step changes in  fuel  flow 
for  acceleration  runs,  the  standard  control w a s  modified md is  desig- 
nated  herein  as  the modified control. For engine operation with the 
modified control,  the exhaust  nozzle r k i n e d   i n   t h e  open position 
during  the  entire  transient period; diff'tzen$ size  step changes in fuel .  
flow were possible; and the  fuel  flow during  the  transient  period was 
not  affected by either  turbine-outlet temperature o r  overspeed limits. 
As a safety  feature, however, a switching arrangement was provided f o r  
suddenly  reducing the  fuel  flow if dangerous engine operating  conditions 
were encountered. 

Engine-inlet  installation. - The engine was mounted  on a wing sec- 
t ion  in   the 20-foot-diameter test section of the   a l t i tude  wind tunnel 
(fig. 1). Two differentengine-inletinstallations were used, ram pipe 
and bellmouth. A view of the ram-pipe instal la t ion is  shown in figure 1 
and a view of the bellmouth inlet, not b s t a l l e d  on the engine, is pre- 
sented in   f igure 2. 

For the ram-pipe installation, dry refrigerated air w a s  supplied tcr- 
the engine  through a duct (ram pipe) connected to  the engine inlet. The 
a i r ,   a t  approximately sea-level  pressure a t  the  entrance of the make-up- 
air system, was throt t led by manually controlled valves t o  a t o t a l  
pressure at the engine in l e t  corresponding to the  desired  f l ight condi- 
t i o q  complete free-stream ram-pressure  recovery w a s  assumed. For the 
bellmouth installation, dry refr igerated  a i r  was supplied t o  the engine 
in l e t  from t h e  tunnel   a i r  system. Tunnel fan speed, which determined 
the  tunnel  test-section air velocity, was varied t o  obtain  the engine- 
i n l e t   t o t a l  pressure  corresponding t o  t h e  desired  f l ight conditions; 
again, complete free-stream ram-pressure  recovery was assumed.  With the 
bellmouth installation,  the range of f l igh t  Mach numbers possible w a s  
limited t o  low values; use of the ram-pipe installation, however, greatly 
increased  the range of f l igh t  Mach nunibers possible. 

For transient engine operation  with  the.ram-pipe  installation, i e  
was impossible t o  maintain a constant  engine-inlet  total  presaure  during 
the t r h s i e n t  period. The variation i n  inlet pressure was due t o  the  
inherent 'slow-response  time of the manually controlled  valves in   t he  
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ram-pipe system, which required  continual adjustment  during  an  engine 
transient. However, f o r  the bellmouth installation, the  engine-inlet 
total  pressure  remabed  constant f o r  transient engine  operation.  For 
both  engine-inlet,  installations,  the  static  pressure  in  the  tunnel test 
section remained apgroximately  constant  during an engine transient 
because of the  large volume of the  xind  tunnel. 

Instrumentation. - Instrumentation f o r  measuring steadpetate values 
of pressures and temperatures was installed at  various  stations’  in the  
engine (fig. 3). A direct-fnking  electro-magnetic  type  recorder,  with 
i t s  associated  amplifiers, was used f o r  recording  various  engine param- 
eters  durkg‘transient engine  operation (re. 5). 

The location and type of instrumentation  used  for  the measurement 
of transient engine  parameters is described i n  table I. Also included 
i n  this table is the type of steady-state  instrumentation which was used 
f o r  calibration of the  transient  instrumentation. 

Acceleration  data w e r e  obtained  with  the  engine equipped with  an 
afterburner. For  engine  operation w i t h  the standard  control,  accelera- 
t ion was obtained by advancing the   th ro t t le  in a  stepwise manner, here- 
inaf‘ter  described  as a thrott le  burst ,  from several initial posit ions  to 
that position a t  which rated engine  conditions are scheduled.  For  engine 
operation with the modified  control,  acceleration was obtained by making 
several  different  size’step-changes  in fuel flow from the same i n i t i a l  
engine speed. This procedure was repeated  for   dif ferent   ini t ia l  engine 
speeds. 

The following  table lists the flight conditions at w h i c h  the engine 
acceleration  data were obtained: 

I I I 

&-pipe instelletion 

at=- 
35, OOO 

0.20 10,000 30 
.96 18 

standard 

W i e d  
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In a number of the  acceleration Tuns l isted inAhe  preceding  table, 
compressor surge was encountered.  Therefore, it was possible  to  evaluate 
the  effect of engine-inlet  installation and flight condition on compressor c 

surge  characteristics. 

I n  addition  to  the  previously mentioned transient  data,  deceleration 
data were obtained at- a l t i tudes of 10,000, 35,000, and 45,000 f e e t   a t  a 
f l i gh t  Mach  number of 0.20. The engine-inlet.& temperature was 32O F 
at an a l t i tude  of 10,000 f ee t  and Oo F at   the   other   a l t i tudes.  T h e  engine 
equipped w i t h  afterburner, bellmouth, and standard  control w a s  used for- 
t h i s  phase of  the  invest,igation. For the deceleration runs, the th ro t t l e  
was re t rac ted   in  a stepwise manner,  which i s  designated  herein  as a 
th ro t t l e  chop. 

N 
4 
0) 
P 

With the ram-pipe instal la t ion and without  an afterburner,  the 
steady-state windmilling-engine data were obtained a t   a l t i tudes  from 
15,000 t o  45,000 f ee t  and over a range of f l i g h t  Mach nunibere. The 
engine-inlet  air  temperature w a s  approximately 0' F. 

Altitude  ignition  characteristics were determined wi th  the ram-pipe 
instal la t ion and w i t h  an afterburner. Two methods ignition,  desig- 
nated  as  ignition procedures A and B, were used. In  both procedures the  
spark  plugs were energized  before  the  fuel was admLtted to   the combustor. 
For procedure A, the   fuel  flow was maintained a b  constant  value  during 
the  ignition  .period. This procedure was repeated at a rimer of-constant - 
fuel-flaw  values a t  a given windmilling-engine  speed, For procedure B, 
the  fie1 flow was manually varied  in an  ap-proximte simsoidal manner 
from zero t o  the maxFmum possible at a particular engine speed. An igni- 
t ion attempt was considered  successful if ignition of the combustible 
m i x t u r e  i n   t he  engine  occurred  within approximately 30 seconds a f t e r  t he  
fuel was  admitted to   the  combustor. After a successful  ignition, no 
attempt w&s made t o  accelerate the engine to- determine whether an engine- 
speed dead-band region  exists, because the varying  engine-inle"tota1 
pressure  encountered  during  accelerations from low engine speeda made it 
difficult   to  obtain data showing consistent  trends. 

. 

a. 

With MIL-F-5624A grade JP-4 f i e 1   a t  a temperature of 50' F, t he  
effects of ignit ion  fuel flow and ignition procedure on alt i tude  ignit ion 
l i m i t s  were determined at-alt i tudes up t o  50,.000 fee t  over a range of" 
windmilling-engine  speeds. In  addition,  with  ignition procedure A, 
ignition  fuel-flow limits were obtained a t  an al t i tude of-45,000 f ee t  
and over a range of windmilling-engine speeds for MIL-F-5624A grades 
Jp-3 and Jp-4 fue ls   a t  temgeratures of 50° and -28O F, respectively. 
Fuel  temperature was measured upstream of the  fuel  distributor.  For all 
the  start ing data,  the  engine-inlet air temperature was approximately 
Oo F. 



MACA RM E52L29 7 

- The  effect of two grades of fuel, MIL-F-5624A JT-3 and Jp-4, on 
steady-state  engine  performance was determined  at an altitude  of 
45,000 feet, a flight  Mach  number of 0.20, and an  engine-inlet  air  tem- 
perature of Oo F. Performance data  were  obtalned  at  rated  engine  speed, 
7260 rpm, for  several  nozzle  areas and a constant  exhaust-nozzle  area of 
614 square  inches (Rzll open)  over a range of engine  speeds.  The  fuel 
temperature  for  both  grades of fuel was about 130' P a8 measured  upstream 
of  the  fuel  distributor. 

N 
4 

P 
a, All symbols  used in this  report  and  the  methods of calculation  are 

presented in appendixes A and B, respectively. 

RJTSULTS AND DISWSBION 

Variation  of  Engine  Parameters During Acceleration 

Oscillograph  traces  showing  typical  variations of several  different 
engine  parameters  with  time  during an acceleration  are  presented  in  fig- 
ure 4. The  engine  parameters  increase in mamtude in  the upward direc- 
tion on the  oscillograph  traces.  With  the  bellmouth  installation,  for a 
throttle-burst  run during which  compressor  surge was not  encountered 
(fig.  4(a)), the  engine-inlet  total  pressure  remained  constant,  and  the 
other  engine  parameters  increased  during  the  acceleration  period.  Data 

presented in figure 4(b) for  the  bellmazth  instEallation. The sudden 
reduction  in  compressor-outlet  total  pressure  and  the  increase in turbine- 
outlet  temperature  indicate  the point at which  campressor  surge  is ini- 
tiated.  The  period of enane operation with compressor  surge  is shown 
by the  fluctuations of the  pressure  and  temperature  traces. 

I obtained  in a throttle-burst run during which  surge w a s  encountered  are 

.. 

The  variation  in  engine  parameters  during  an  acceleration  with  ram- 
pipe  installation  was  similar to that  obtained  with  the  bellmouth 
installation  except  for  the  engine-inlet  total  pressure  With  the r a m -  
pipe  installation,  the  engine-inlet  total  pressure  varied  slightly dur- 
ing  the  acceleration if surge  was not encountered  (fig.  4(c))  and 
appreciably  during  an  ace-eleration  in  which  surge was encountered 
( f fu .  4(d) 1. 

Compressor  Surge  Characteristics 

Compressor  surge  limits. - Compressor  surge may be  encountered in 
flow instability  or  air-flow  break-down  occur  within  the  compressor  as 
a result  of  blade stall caused by operation  with  adverse  engine-inlet 
air-flow conditions  or at excessive  pressure  ratios. For instance, for 
transient  engine  operation  at a given  engine-inlet  total  pressure  and 
initial  engine  speed,  if  the fuel flow is suddenly increased,  the 

. either  steady-state or transient  engine  operation. In either  case, air- 
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turbine-inlet temperature [as w e l l  as  the  turbine-outlet  temperature) 
rises suddenly. This rise  in  turbine-inlet  temperature-is  reflected  at 
the compressor outlet  as  a  sudden-rise  in  total  pressure. If this pres- 
sure exceeds a  certain value, ..dependent upon .the compressor characteris- 
t i c s ,  the compressor will surge.  Oscillograph traces which show com- 3- 
pressor  surge  encountered in  t h i s  manner are  presented in  figures 4(b) 
and 4(d). When the compressor begins t r su rge ,   t he   a i r  flow and the 
compressor-outlet  pressure  are suddenly reduced and begin t o  fluctuate. 
If the fuel flow i s  not reduced, the turbine-outlet temperature increases 
(because of decreased air  flow and compressor efficiency) and also begins 
t o  fluctuate  (figs. 4(b) and 4(d)).  

E 

The compressor-surge data  points  presented  in  figure 5 were obtained 
from acceleration  runs w i t h  both standard and modifled  engine controls and 
with the two different-engine-inlet  installations. The compressor pres- 
sure ratio a t  which surge  occurred is  presented in  f igure 5 as a function 
of corrected  engine speed rather than corrected a i r  f low,  because air- 
flow measurements were.not  obtained  during  transients;  also shown i n  this 
figure is the  steadpetate  cmpreesor surge line, which was obtained from 
reference 3. This steady-state compressor surge l ine WBEI obtaked-with 
the use of a variable-area  turbine-nozzle diaphragm which permit%ed the 
determination of the compressor surge l ine  without the  penalty of -exceed- 
ing  the  rated  turbine-inlet  temperature. A t  a  given engine speed, the 
turbine-nozzle-diaphragm area was slowly reduceduntil  compressor surge 
occurred. The steady-state compressor s&ge:line was determined from 
data  obtained a t  an al t i tude of 45,000 fee t  and flight Mach number of- 
0.21, and a t  an al t i tude of 30,000 feet  and f l i gh t  Mach  number  of 0.64, 

Although the  surge data, obtained under transient conditions, were-  
determined  over only a limited range of corrected engine speeds, a good 
correlation between the surge data and the  steady-state  surge  line i s  
indicated  in figure 5. Thus, the compressor surge l ine   for   th ie  engine 
is not affected by changes i n  f l i gh t  condition and is independent- of 
engine- inkt   instal la t ion and of the manner in which surge is approached 
( r a p l a y  or slmly) . 

Compressor recovery Umirt~. - Daka f o r  .the  operating  conditions a t  
which the compressor recovered f r o m  surge were obtained from those 
acceleration runs i n  which compressor surge was encountered. It was 
possible  to recover  the compressor from surge either by reducing the 
fue l  f l o w  or  by allowing  the  engine speed. to bcrease.  In either case, 
t h e  point of compressor recovery w a s  evidenced by the  sudden increase 
i n  compressor-outlet total   pressure and  by the  elimination of engine 
pressure and temperature fluctuations  (figs: 4(b) and 4 ( d ) ) .  These com- 
pressor  recovery  data  points, as presented  in  figure 6 ,  can be  repre- 
sented by a single  line  indicating  that  there i s  no e f f ec t   o fa l t i t ude  
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or  type of engine-inlet  installation on the recovery l ine.  As the surge 
l i ne  was not  affected  either by al t i tude  or  by f l i gh t  Mach m e r  
(fig.  5) and there w a s  no effect  of a l t i tude  on the  recovery  Une  (fig. 6), 
it i s  reasonable t o  assume that  there is also no effect of f l i gh t  Mach 
llumber on the recovery l ine.  

Relation Between Campressor Surge Characteristics, and 

Transient asd Steady-State Engine Operating L i n e s  

A steady-state  operating line, compressor surge  characteristics, 
and typical  variations of compressor pressure r a t i o  wLth corrected engine 
speed f o r  two throttle-burst runs are shown in  figure 7. T h i s  figure 
presents  the  relation  existing among the  various  engine  operating lines. 
Because the recovery l i n e  i s  below the  steady-state  operating  line, it 
i s  evident that the compreesor after entering  surge can recovery on ly  
if the cDmpressor pressure  ratio is reduced to less than i t s  steady-state 
operating  value a t  a particular engine speed. This  reduction  requfres 
either a reduction of fue l  f l o w  or  an Fncrease in  engine  speed (durhg 
the  surge  period)  to a speed at which the  transient  surge compressor 
pressure  ratio  equals  the  recovery compressor pressure  ratio. An example 
of t h e  l a t t e r  method of recovery is shown i n  figure 7 by the p t h  of a 
typical  throttle-burst run during which surge was encountered. In t h i s  
run, the  fuel flow remained approximately  constant during the  surge 
period, and the exhaust nozzle remained in   the  open posi t ion  unt i l   ra ted 
engine speed, 7260 rpm, was approached. Pollawing the  sudden reduction 
i n  conqressor  pressure  ratio when surge occurred, both  engine speed and 
compressor pressure r a t i o  increased  during  the m g e  period. Even though 
the engine  speed increases aUring surge, the engine acceleration rates 
were substantially lower f o r  the  acceleration runs i n  which surge was 
encountered  than f o r  the  runs in  which surge was not encountered. During 
the  entire  surge  period,  the compressor pressure r a t i o  was at a value 
lower than i ts  steady-state  value a t   t he  same corrected engine  speed. 
The increase in compressor pressure  ratio  with  increasing  corrected 
engine  speed  during the  surge  period was slight until  the  cmpressor 
recovered, a t  which point  the compressor pressure  rafio  increased 
abruptly  to a value dependent upon fue l  f l o w  and engine  speed. Also 
shown in  f igure 7 is the  path of a typical  throttle-burst run i n  
which no surge was encountered. 

Since the  distance between the  steady-state  operating  lfne and the  
surge l i ne  is indicative of the excess power avaflable  for  acceleration, 
it is evident tha t ,  for  the lower values of corrected  engine speed, the 
available power for acceleration is limited. Because of the  steady- 
s ta te  performance characteristics of the engine f o r  a constant  exhaust- 
nozzle  area, the  steady-state compressor pressure r a t i o  increases 86 



10 - NACA RM E52L29 

al t i tude i s  increased a t  a given- correct-ed  engine speed. Therefore, I? 

since the surge l ine is  not affected by changes in altitude,  the  avail- 
able power for_acceleration a t  a  given corrected  engine speed tends t o  
decrease  with  increasing  altitude. 1nasmuch:as sjmilar  variations  in 
steady-state engine performance occur fo r  a &cr&se in  f l i gh t  Mach 
number as  f o r  an increase in   a l t i tude,  t h e  available power for  accelera- 
t i o n   a t - a  given corrected engine  speed and ekhaust-nozzle area would 
also  tend  to-decrease  as flight Mach  number Ts decreased. 

v 

" 

The relation between steady-state  corrected  fuel flow f o r  a fixed 4 
exhaust-nozzle area and the  steady-state  corrected  fuel flow a t  surge 
for  different  flight  conditions i s - s h a m  in  f igure 8 .  The corrected 
fuel  flaw required f o r  steady-state  operation a t  rated engine  conaitions 
is also shown.  The data f o r  the  steady-state  surge  lines were obtained 
by extrapolation of steady-state-engine performance data (refs. 1 and. 3) 
t o  the compressor surge  line. The steady-state  surge l i n e a  as well a6 
the  steady-state operat- and the data f o r  rated engine  conditions 
reflect  the  trend of varying c'mponent efficiencies that resul t  from 
engine  operation a t   the   d i f fe ren t   f l igh t  conditions. 

LC cu 
. .  

Unpublished NACA data indicate that, f o r  acceleration runs i n  which 
the  fue l  flow is rapidly  increased,  the combustion efficiency  during  the 
ini t ia l   t ransient   per iod is  lower than a t  steady-state conditions. 
Because of the lower combustion eff ic iency  ini t ia l ly  encountered during 
a transient, it may be  possible t o  obtain a higher  corrected fue l  flow 
a t  a  given corrected engine speed without  encounterlng  surge dur ing  
transient  than during steady-state  operation. The steady-sta%surge 
lines  presented in figure 8 would then  give a conservative  picture of 
limiting  corrected  fuel flow fo r -  avoiding s e g e  i f  applied to  transient 
operation.  Figure 8 shows that at an al t i tude of 15,000 feet  and a 
f l igh t  Mach  number of 0.62, a fuel-flow  step  large enough t o  r e su l t   i n  
rated  conditions  without  encountering surge cannot be  introduced at an 
i n i t i a l  corrected engine speed below approxi1iately~6900 rpm. A t  ' this 
f light-ondition, ag initial corrected  engine speed of 5400 -rpm, and a 
corrected  fuel flow of 1900 pounds per hour, the largest s " p  which can 
be made without  encounterjng  surge is. t o  a fue l  flow value of 3700 pounds 
per hour, which is about one-fourth that required t o  reach rated condi- 
tions fm? which the  fuel  f l o w  i s  8450 pounds per hour. 

Acceleration of Engine w i t h  Standard  Control 

Engine acceleration runs  obtained by thrott le  burseare  presented 
in figures 9 t o  51. For this  portion of the  investigation  several 
adjustments were made t o  the standard control t o  eliminate a temporary 
malfunctioning, as a result,  the  control schedule  used was different 
from t h e  original schedule as specified by the manufacturer. For some 
of the acceleration runs i n  whi-ch compr4ssor surge was edcountered, it 
may have been possible t o  avoid  surge if  the  correct schedule had been 
used. However, f o r  most of the.acceleration.characteristics presented 

.. 
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herein,  the  adverse  effect of  surge on acceleration  times was considered 
minor. The overshoot and the  oscillation of engine speed at rated 
engine  conditions  (figs. 9 to 11) are due t o  the  temporary malfunction- 
ing of the  standard  control. 

The r a t e  of engine acceleration i s  dependent upon: (1) the Inertia 
and the mechanical f r ic t fon  of the  rotating parts, (2) t he  ram energy 
of the  engine-inlet air, (3) the  internal aerodynamic f r ic t ion  of the  
engine, and ( 4 )  the  excess parer available from the  turbine. As ei ther  
a l t i tude is increased o r  flight Mach nuniber i s  decreased, the ram energy 
of the  air ,  the internal aerodynamic f r ic t ion  of the engine, and the  
excess  energy developed by the turbine decrease, but the iner t ia  and 
the mechanical f r i c t ion  of the  rotating  parts of the engine remain con- 
stant.  In addition, a t  any f l i gh t  condition, the  maximum power available 
f o r  acceleration is limited by the  compressor surge  characteristics. As 
mentioned previously,  the power available ( i n  terms of increased com- 
pressor  pressure  ratio) at any  given  corrected  engine speed for  accelera- 
t ion without  surge  decreases  with  increasing  altitude o r  decreasing 
flight Mach number. Therefore, as  sham in figures 9 and 10, the time 
required to accelerate f r o m  any constant initial engine  speed t o  rated 
engine  speed was increased either as altitude  increased  (fig. 9 )  o r  as 
f l i gh t  Mach nmiber decreased  (fig. 10). For exaqple, the time required 
t o  accelerate from 5800 rpm to   ra ted  engine speed, 7260 rpm, increased 
from approximately 3 seconds at  an a l t i tude  of.l0,000 feet to  about - 10 seconds at an al t i tude of 45,000 f ee t  (fig. 9(b) ) . 

Because the t i m e  interval during which surge was encountered was 
small, it was assumed that the effect  of compressor surge on accelera- 
t ion t i m e  shown In figures 9 and 10 i s  small. However, to i l l u s t r a t e  
the  adverse  effect  that surge may have on acceleration t i m e ,  accelera- 
t ion runs obtained f o r  two throttle-burst m s  at  an al t i tude of 
35,OooO fee t  and flight Mach  number of 0.20 are presented in  figure U. 
The acceleration time required f o r  an  engine speed change from 4940 rpm 

required t o  accelerate from an engine  speed of  4340 rpm to   ra ted  engine 
speed w a s  about 29 seconds. This large increase  in  acceleration time 
f o r  run 2 as compared with run 1 was pr-rily due t o  the longer period 
of compressor surge encountered. 

' t o  rated engine  speed w a s  9 seconds for m 1. For run 2, the t h e  

Where throttle-burst runs were obtained w i t h  both ram-pipe and 
bellmouth installations a t  the same flight conditions, comparison of 
acceleration rates indicates no Wference with either  engine-inlet 
instal la t ion provided tha t  surge w a s  not  encountered &ring the  accelera- 
tion. However,  when surge was encountered  during the acceleration,  the 
acceleration rates were slightly higher f o r  the ram-pipe instal la t ion 
than f o r  the bellmouth instal la t ton because of the higher engine-inlet 
t o t a l  pressure  occurring dura  surge  with  the ram-pipe Instal la t ion 
(fig. 4(d) 1 
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Deceleratfon of Engine w i t h  S-d Control 

The effect   of.alt i tude-on the variation of engine speed with time 
for th ro t t le  chop i s  presented in  f igure 12. When the engine  speed was 
reduced from rated speed t o  either  idle speed o r  t o  a given f i n a l  speed 
by thro t t le  chop, the  deceleration  rates  deireased as al t i tude was 
increased. This decrease in  deceleration  rates  with  increasing  altitude 
can be attr ibuted t o  the  prevfously  discussed  factors which affected 
accelezation  rates. The time required f o r  the engine tcrdecelerate from 
rated engine speed, 7260 rpm, t o  about 6000 rpm increased from approxi- $ 
mately 2 seconds at an alt i tude of 10,OOO feet t o  6 seconds a t  an a l t i -  b 

tude of 45,000 feet  a t  a f l igh t  Mach  nuniber of 0.20 (fig. 12(b)). 
(u 

Steady-State Windmilling-Engine.Characteristdcs 

Data for  the  corrected  steady-state  wiaWlling-engine drag, speed, 
and a i r  f l o w  are  presented i n  figures 13 t o .  15, ~36p€?CtLV&y, a8 functims 
of flight- Mach  number for  a range of alt i tudes from 15;OO t o  45,000 feet .  
Changes In a l t i tude  did not  affect-the  corrected  steady-state windmilling- 
engine  parameters at a given fUght Mach number. As flight Mach  number 
was increased from 0.20 t o  0.90, corrected  steady-.state windmilling- 
engine--drag var ied  from 30 pounds t o  1070 pounds. The corrected  steady- 
s ta te  windmilling-&gine drag of 1070 pounds corresponds t o  about 14 per- 
cent of the  rated  se,a-level  static engine thrust. For the same range of - 
f l igh t  Mach numbers, the  corrected  steady-state  windailling-engine speed 
increased from 680 t o  3180 rpm; while the  comected  steady-state 
windmilling-engine a b  flaw increased from 12.5 t o  49.0 panda  per second. 

With the  afterburner-equipped engine, which had a maximum exhaust- 
nozzle area of 614 square  inches, some steady-state wlndmilling-engine 
data were obtained but these data are not gresented,herein. Eowever, 
a comparison of the data, showing the  variation of corrected  steady-state 
windmilling-engine speed wi th  f l i gh t  Mach number f o r  a  range of a l t i -  
tudes,  indicated no difference.between  the two exbust-nozzle  areas, 
534 and 614 square inches. 

Altitude  Ignition  Characteristics 

Many factors  influence the altitude  ignition  characteristics of a 
turbojet engine. Some of the major factors  are, conibustor canfigura- 
tions,  fuel nozzles, ignition systems, fuel  properties, and conibustor- 
inlet-  air-flow  conditions. The-combustor configuration, t h e  fue l  nozzles,. 
and the  ignition system used i n  this portion of the  investigation were 
supplied by the manufacturer and were not---changed during the  ignition 
program. Ignition  data  presented  herein show t h e  effects of fue l  flow 
at   di f ferent  dtltudes, ignition procedure,. fuel  temperature, and two 
gradee of fuel on ignition  characteristics. 
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Most of t h e  ignition  data were obtained a t  a l t i tudes of 40,000, 

45,000, and 50,000 feet;  therefore,  the  conibustor-inlet  air-flaw condi- 
t ions   a t  th'ese altitudes  are  presented in  figure 16  .for a range of 
steady-state windmilling-engine  speeds. The cambustor velocity,  deter- 
mined from engine a i r  flow, combustor-inlet t o t a l  pressure, and tempera- 
ture,  was based on the maximum cross-sectional  area of the  combustor, 
6.40 square feet .  (See appendix B.) AB the  engine-inlet air  temperature 
was constant a t  00 P, canbustor veloclty and combustor-Wet t o t a l  tern 

increasing  the  altitude from 40,000 t o  50,000 f ee t  [fig. 16).  
rd perature were not  affected a t  a given  windmilling-engine speed by 
4 
01 P 

Effect of f u e l  flow. - The alt i tude  ignit ion data presented i n   f i g -  
ure 17  were obtained  with  ignition procedure A (where the fuel flow was 
maintained at a constant  value  during the ignit ion period) f o r  MIL-F-5624A 
grade Jp-4 fuel and for three  alt i tudes over a range of windmilling-engine 
speeds. (An alternate  abscissa  scale of f l i gh t  Mach  nuniber, which was 
shown t o  be  directly related t o  windmilling-engine speed, is presented 
fo r  convenience in   f igure  17 and in  a l l  subseQuent figures  relating t o  
ignit ion  characterist ics.)  The maximum ignition fuel flow was limited by 
the engine fue l  system; the  fuel-flaw limit increased as windmilling- 
engine  speed  increased a t  a given a l t i tude  or as al t i tude decreased at a 
given  windmilling-engine speed. The fuel-flow limits encountered a re  
designated i n  figure 17 and i n  subsequent figures by dashed l ines.  The 
ignition  data  sham in  figure 17 define  regions in  which consistent 

limit of the  region of consistent  ignition was not  obtained  because of 
t h e  en$ine fuel-flow  limit. 

* ignition  occurred and regions i n  which ignition i s  doubtful. The upper 

, 
A t  a given a l t i tude  a6 tbe  windmilling-engine  speed i s  increased, 

t h e   m i n i m   f u e l  flaw required f o r  consistent  ignition  increased, because 
of the  increase in windmilling-engine air  flow. If the windmilling- 
engine  speed is  increased above a certain value at  a given  altitude, 
ignition is uncertain.  This  trend may be attributed t o  an increase i n  
combustor velocity  resulting f r o m  an increase in windmilling-engine speed, 
f o r  the  other  factors  influencing  ignition, such as conibustor-inlet t o t a l  
pressure and temperature (fig.  16) and fuel-flow  spray  characteristics, 
vary i n  a favorable  direction. 

The ignition  data  indicate  that,  at a constant  windmilling-engine 
speed, as al t i tude is increased from 40,000 to 50,000 feet ,   the minimum 
fue l  f low necessary for  consistent  ignition  increased. For example, at 
a constant  windmilling-engine speed of 1700 rpm, as a l t i tude  is increased 
from 40,000 t o  50,000 feet, the minimum fue l  flow required for consistent 
ignition  increased from 640 t o  770 pounds per hour (figs. 17(a) and 
l ? (c ) ) .  The  maximum windmilling-engine  speed a t  which consistent  igni- 
t ion was obtained was reduced f r o m  2500 t o  1750 r p m  as a l t i tude  was 
increased from 40,000 t o  50,000 feet .  These trends may be accounted f o r  

. 
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by the  decrease  in  combustor-inlet  t-otal  pressure. A t  a constant 
windmilling-engine  speed as al t i tude i s  increased,  the  combustor-inlet 
t o t a l  temperature and colribustor velocity and the f ' u e l - f l o w  spray  charac- 
t e r i s t i c s  do uuk-change, but the combustor-inlet total   pressure is 
reduced as  shown i n  figure 16. 

Ignition procedure. - The altitude  ignition data obtained  with  igni- 
t ion procedure B for  MIL-F-562M grad. JP-4 fie1 are  presented in f ig-  
ure 18. For altitudes from 40,000 t o  50,000 .feet,  the maximum 
windmilling-engine  speeds a t  which consistent  ignition  occurred f o r  igni- 
t ion procedure A (fig. 17)  are also presentedjfor comparison i n  f ig-  
ure 18. For ignition procedure B, the  ignit ion  fuel f l o w  w a s  varied  in 
an approximate sinusoidal manner from zero to- the maxhum flow possible 
a t  a particular windmilling-engine  speed. Again..the maximum fuel  flow 
was limited by the engine fuel system. For ignition procedure B, t he  
maxim windmilling-engine  speed a t  which.con6istentignition occurred 
progressively  decreased from 3300 t o  1800 -.as al t i tude was increased 
from 30,000 t o  48,000 feet; a t  an. alt i tude of ' 48,000 feet, it-decreased 
abruptly from 1800 t o  720 rpm as   a l t i tude was increased t o  50,000 feet. 

Ignition  procedure A w a s  superior  tcrignition procedure B a t  a l l  
alt i tudes a t  which a comparison w a s  possible-(fig. 18). For example, 
a t  an al t i tude of 50,000 feet,  the maximum consistent-ignition 
windmilling-engine  speed w a s  1750 rpm f o r  ignition procedure A and it 
decreased t o  720 r p m  for ignition  procedure B, 

Fuel temperature. - Ignition data obtained at an altitude of 
45,000 feet  over a range of windmilling-engine  speeds  with ignition 
procedure A with MlL-F-5624A grade Jp-4 &el a t  a temperature of -28' F 
are  presented  in figure 19. A comparison o.f the  ignition limits obtained 
with this fuel at  tempemtul.es of 50' P (fig..  17(b)) and -28' F (fig. 19) 
i s  shown in   f igure 20. A t  a fue l  temperature: of SO0 F, consistent igni- 
t ion w a s  obtained at a maximum windmilling-engine  speed OF 2500 rpm and 
an  ignition  fuel flow of 1530 pounds-per hour. However,  when the fuel 
temperature was decreased t o  -28O F, the maximum windmilling-engine speed 
at which consistent  ignition was obtained  occprred at a speed of1300 rpm 
and an ignition.fue1 flaw of 700 pounds per hour.  This trend of 
decreasing  ignition limits with decreasing fue l  temperature is probably 
the  result  of a lower rate of fuel evaporation a t   t he  lower f'uel tem- 
perature. The large  reduction  in  the engine fuel-flow limit for   the 
fue l  at a temgerature of -28O F as compared t o  that at a fuel tempera- 
ture  of 50' F was a result  of a change in  engine tbot t le-unkage system. 

Different  fuels. - The ignition  data shown in  f igure 2 1  were obtained 
a t  an altitude of  45,000 fee t  and over a range of windmilling-engine 
speeds with MIL-F-562U grade JP-3 fue l  at a temperature of 50° F. As 
shown Ln table 11, the m 3 o r  difference between MIL-F-5624A grades J€'-3 

c 
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and Jp-4 fuels was the Reid vapor pressure o r  volat i l i ty .  The R e i d  
vapor pressure w a s  5.4 pounds per  square  inch for MIL-F-5624A grade JP-3 
fue l  and 2.8 pounds per  square  inch f o r  MIL-F-5624A grade JP-4 fuel .  
The ignition limits obtained at an a l t i tude  of 45,000 feet with 
MIL-F-5624A grades Jp-3 (fig. 21) and Jp-4 (fig. 17 (b)) are  compared in 
figure 22 to   i l lus t ra te   the   e f fec t  of  volatility OR ignition limits. An 
increase in   vo la t i l i t y  would increase  the rate of f u e l  evaporation and 
hence should improve the  ignition  characteristics. As shown i n   f i g -  
ure 22, a t  a constant WindmiLUng-engine speed, consistent  ignition w a s  
obtained at a  lower ignit ion  fuel flow f o r  MIL-F-562U grade Jp-3 f u e l  
than f o r  MIL-F-5624A grade JP-4 fuel;   this  indicates  that   the less 
volat i le   fuel  (MIL-F-5624A grade JP-4) was  more d i f f i cu l t   t o   i gn i t e .  
For  inetance, a t  a windmilling-engine  speed of 1800 rpm, the  ignition , 

fue l  flow wae '640 pounds per hour fo r  MIL-F-5624A grade JP-3 fuel and 
860 pounds per'hour f o r  MIL-F-562U grade JP-4 fuel. However, as the 
windmilling-engine  speed w a s  increased,  the  beneficial  effect of the 
more vo la t i l e  f u e l  on ignition  characteristics was- decreased  with  the 
resul t  that about the same maximum consistent-ignition windmilling- 
engine  speeds were o5tained f o r  both  grades of f'uel. 

Ehgine Performance Evaluation  with Two Different  Fuels 

The effect  of t w o  grades  of fuel., MIL-F-5624A grades JP-3 and Jp-4, 
on steady-state engine performance was determined at an a l t i tude  of 
45,000 feet ,  flight Mach  number of 0.20, and engine-inlet air tempera- 
ture  of 0' F. Engine-performance data  obtained  with  these two grades 
of fue l  are presented in   f igures  23 t o  26 In which turbine-outlet 
temperature distribution,  net thmst, combustion efficiency, and specific 
fuel consumption are shown for a range of engine operating  conditions. 
As shown in figures 23 t o  26, similar effects on engine performance 
were obtained  with  the two grades of fuel f o r  the f l igh t   condi t im and 
range of engine operating  canditicms  investigated. 

The following  results were obtained i n  an altitude  operational 
investigation of the  prototype J40-WE-8 turbojet engine in   t he  MACA 
Lewis  a l t i tude wind tunnel: 

1. The compressor surge  line, when presented a8 a function of com- 
pressor  pressure r a t i o  and corrected engine speed, was not  affected by 
changes in flight  condition and was independent of engine-inlet  installa- 
tion and of the manner i n  which surge w a s  approached, rapidly o r  slowly. 
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2. T h e r e  w a s  no effect of eikher  altitude or engine-inlet  installa- 
t ion  on compressor surge  recovery when presented as a functdon of com- 
pressor pressure  ratio and corrected  engine speed. A t  any given corrected 
engine speed, the recovery compre-ssor pressure  ratio was lower than t h e -  
steady-state compressor pressure  ratio. 

c 

" 

3. At-% f l i gh t  Mach  number 0.20, the t i m e  required  to  accelerate 
from 5800 rpm t o  rated engine speed, 7260- rpm, increased from about 
3 seconds at an altitude of 10,000 feet  t o  Eibbut 10 seconds a t  an alt i--  
tude of 45,000 feet .  For the same f l i gh t  Mach number, the engine 
decelerated from rated engine speed, 7260 rpm, t o  about- 6000 rpm i n  
approximately 2 seconds a t  an  alt i tude of 10,000 feet, and 6 seconds 
a t  an altitude of 45,000 feet . . . .  

4. There w a s  no effect  of a l t i tude on corrected  steady-state 
windmilling-engine &EL@;, speed, o r   a i r  flow for a given flight Mach 
number. A t  a f l igh t  Mach number of 0. SO, the corrected steady-state 
windmilling-engine drag, speed, and sir flow'mre 1070 pomd8, 
3180 rpm, and 49.0 pounds per second, respectively. 

5. An ignition procedure  (procedure A) in which the f u e l  f low was 
maintained  constant  during the  ignition  periqd, w a s  found t o  have 
superior  altitude  ignition  characteristics  to  another  ignition procedure 
(procedure B) i n  which the fuel f l o w  was varied i n  an approximately 
sinusoidal manner. A t  an altitx.de of 50,000 :feet, the maximum 
windmilling-engine  speed at- which consistent  ignition was obtained 
decreased from  1750 rpm for   igni t ion procedure A t o  720 rpm f o r  ignition 
procedure B . 

6. A t  an al t i tude of 45,000 feet and using  ignition procedure A, 
the maximum windmilling-engine speed, at-which  consistent  ignition was 
obtained, decreased from 2500 t o  1300 r p m  as 'the fue l  (MIL-F-5624A 
grade JP-4) temperature was  decreased from so to -28O F. The ignition 
fuel  flows a t  these engine speeds were 1530 and 700 poutid6 per hour, 
respectively. 

7. A t  a al t i tude of 45,000 feet, using  ignition procedure A? and 
a t  a  given  windmilling-engine speed, the fuel flow, a t  which consistent 
ignition w a s  obt-ecined, w a s  lower fo r  the higher volati le fuel 
(MIL-F-5624.A grade Jp-3)  than  for  the lower volat i le   fuel  (MIL-I?-562411 
grade JT-4). 

8. B i m i l a r  effects on steady-stagsengine performance characteris- 
t i c s  were obtained  with  the two grades of fu-el (MIL-F-5624A grades JP-3 
and JP-4) a t  an altitqde of 45,000 fee t  and f-t Mach ifumber oF0.20. 

Lewis  Flight Propulsion Laboratory 
National Advisory Committee f o r  Aeronautics 

Cleveland, Ohio,  Deceniber  4, 1952 

. .  

. 
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SYMBOLS 

The  following symbols are used in  this  report: 

cross-sectional  area, sq ft 

thrust  scale  reading, lb  

specific  heat  at  constant  pressure,  Btu/(lb) (OR] 

speciffc  heat  at  constant  volume,  Btu/(lb) (OR) 

external drag of engine  installation,  lb 

exhaust-nozzle  tail-rake drag, Ib 

windmilling-engine drag, lb 

thrust, lb 

acceleration  due  to  gravity, 32.2 ft/sec 2 

enthalpy,  Btu/lb 

coefficient 

Mach number 

engine  speed, rpm 

total  pressure,  lb/sq f t  ah. 
static  pressure,  lb/sq ft abs. 

gas constant, 53.4 ft-lb/(lb) (OR)  

total  temperature, 91 

static  temperature, 91 

velocity,  ft/sec 

air  flow, ~b/sec 
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Wf fuel flow, lb/hr 

Wg gas flow, lb/sec 

Y ratio  of  specific  heats, 'p/+ 
6 pressure  correction  factor, P / 2 l l 6  (total pressure  divided by 

NACA standard  sea-level  pressure) 

efficiency 

0 temperature  correction factor, yT/(1.4)(519] (product of y and 
total  temperature  divided by product  of r at  standard  sea- 
level  temperature  and  standard NACA sea-level  temperature) 

Subscripts: 

NACA RM E52L29 

n - 
a I- 

O 

1 

2 

4 

6 

9 

a 

b 

f 

J 

II 

r 

S 

X 

free-stream  condition 

cowl-inlet 

engine-inlet 

compressor-outlet,  combustor-inlet 

turbine-outlet 

exhaust-nozzle  outlet 

air 

combustor 

fuel 

Set 

net 

rake 

scale 

instrumentation  station  upstream  from station I 
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" E O D S  OF CALCUIXKCON 

Air f l o w .  - Air f l o w  was calcuLEttea at station 1 (fig. 3) by use 
of the following equation: 

G ~ E  f low downstream of the  combustor is 

Combustor  velocity. - Before  calculating  the  conibustor  velocity, 
based on a combustor maximum cross-sectional  area of 6.40 square feet, 
the combustor Mach nuuiber  must be determined  by  use of the following 
equation: - 

then 

where 

( 1 + y 4 - 1 M 4  2 

- Combustion  efficfency. - On the  assumption  that  compressor and 
turbine  work  are equal, combustion  efficiency  is  defined as the  ratio 
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of the actual enthalpy rise of the gas  while  paasing through the engine 
t o  the theoretical  increase  in enthalpy that would result from complete 
combustion of the fuel: 

Qb- 
actual  enthalpy rise of gas across engine 

heat i m u t  

18,700 Wf 

where 18,700 Btu per pound of fue l  i s  the lower heating  value of the fuel .  

N e t  thrust. - The net thrust de-velogedby the engine was deter- 
mined from the expression 

which presents the net  thrust as the actual jet thrust-less the i n l e t  
momentum for  which, 

The experimentally determined coefficient K is applied  to the rake 
Jet  thrust t o  account for  pressure  losses  in  the exhaust nozzle. 

The rake Jet  thrust which i s  the ideal thrust available is calcu- 
lated from the  conditions  existing at the exhaust-nozzle outlet  and i s  
expressed by 

For a l l  engine  operating conditiona at an sltitude of 45,000 feet and a 
flight Mach number of 0.20, subcrit ical  nozzle pressure  ratios  occurred 
(Po/Pq ' 0 528) - 

Steady-state windmilling-engine drag. - The windmilling-engine 
drag  was calculated from the following expression: 
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m e  windmilling-engine  scale  Jet  thrust was determined from balance- 
scale measurements by the  use of the follawing equation: 
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w 
Transient  instrumentation P 1 r- Measured  quantity Station Steady-state  instrumentation 

Range  over 
which  fre- 
quency  res- 
ponse  curve 
is  flat, 

cycles/sec 

Sensor 

2 Bourdon-type  gage Aneroid-type  pressure  sensor 
with  strain  gage  element 

0-10 at  sea- 
level  static 
pressure 

Engine  -inlet 
pressure 

Chronometric  tachometer Modified  electronic  tach- 
ometer 

0-10 Engine  speed 

Bourdon-type  gage Aneroid-type  pressure  sensor 
with  strain  gage  element 

0-10 at  sea- 
level  static 
pressure 

Compressor-outlet 
pressure 

~~ ~ ~~ ~ ~ 

Aneroid-type  pressure sensor 
with  strain  gage  element 
for  measuring  pressure 
drop  across variable ori- 
fice  in  fuel  line 

"" Fuel flow Rotameter 

Turbine-outlet 
temperature 

Nine  thermocouples  in  parallel 
connected  to  self-balancing 
potentiometer 

Micrometer  connected  to 
exhaust-nozzle  area  poten- 
tiometer 

Five  unshielded, loop ther- 
mocouples  connected  in 
series 

Exhaust-nozzle area poten- 
t iome t er 

3-1 at  sea- 
level  static 
pressure 

0-100 Exhaust-nozzle 
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TABLE I1 - FUEL ANALYSES 
"557 

Fuel  properties 

A.S.T.M. dist i l la t ion,  ?I? 
Init ial   boil ing  point 
Percent  evaporated 

5 '  
10 
20 
30 
40 
50 
60 
70 
80 
90 
95 

Final boiling point 
Residue, percent 

Reid vapor pressure, 

Gravity 
O A P I  

Loss, percent 

l.b/aq in. 

Specific 
Hydrogen-carbon r a t i o  
Heat o f  combust ion, 

Aniline  point-, OF 

Btu/lb 

T 
I- 
" 

I 

- 

MIL-F-5624A 

Grade Jp-3 

u-7 

155 
187 
234 
266 
291 
312 
333 
358 
394 
449 
487 

523 
L. 3 
1.3 
5.4 

53.4 
0.765 
.170 

189 700 

134.6 

Grade J p - 4  

139 

201 
224 
250 
269 
286 
303 
322 
344 
37 5 
421 
453 
48& 
1.2 
0.3 
2.8 

54.6 
0.760 
.171 

183730 

""" 

f 
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Figme 2. - Bellmouth engine inlet, viewed looking downstream. 
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F&ure 3. - Croea seotlau of engine with afterburner sholring stations 
at which ateadpetate lnatzumntatloa wae installed. 
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Ftgure 6 .  - Compressor recovery limits. Flight Mach number, 0.20. 
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(a) Acceleration from idle englne epeed. 
7800 

7000 

62 00 

5400 
0 4 8 12  16 20 24 

Time, eec 

(b) Aoceleration f’rcan given in i t ia l  e n g h e  speed. 

Figure 9. - Effect of altitude on variation. of engine speed with 
time d u r i n g  throt t le  burets to rated engine oonditims. Flight 
MfLch number, 0.20. 
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5400 L 
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Time, EeC 

(b) Acceleration frm given 
i n i t i a l  engine speed. 

Figure 10. - Effect of flight Edach number on variation of engine speed 
with time during  throttle bursts t o  rated engine conditions. Alti- 
tude, 35,000 fee t .  
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7800 
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6200 

5400 
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4600 

'I 
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0 a m 

3 3800 

7800 

7000 

6200 

5400 

(a) Deceleration to idle engine speed. 

0 2 4 6 8 10 I 2  14 16 
Time, sec 

(b) Deceleration to given final engine epeed. 

Figure 12. - Effect of altitude 011 variation of engine a p e d  wlth time during throttle 
chops from rated engine o d i t i a e .  Fl-t Mach number, 0.20. 
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hl t  i t u d e  , 
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Figure 13. - V a r i a t i o n  of steady-state windmilling-engine  drag with 
flight- Mach number. Exhaust- nozzle fill-open (534 sq in. ). 
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a 
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Figure 14. - V a r i a t i o n  of s teady-a ta te  windmilling-engine speed with flight Maoh 
number. E-wt nozzle full-open (534 8q in.). 
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Figure 15. - Variation of steady-state air flow with f l i gh t  Mach num- 
ber. Exhaust nozzle full-open .(534 sq in.). 
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Windmilling-engine speed, R, rpm 

(c) Combustor-Fnk3t total preeeure, 

Figure 16. - Variation of steady-state winbilling-engine cambustor-inlet 
conditions xi%h etesdy-state  windmilling-engine speed. Ewine-Fnlet air 
temperature, 0’ F. 
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2000 
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2400 
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400 
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( c )  utitude, 40,oOO faet.  

Fiepro 17 .  - Effeat of fuel flow on altitude ignition aharaoteritrtias with IUL-B-56241 
grade ~ p - 4  fuel. Fuel temperature,  approximately Sao F; engine-inlet air temperature, 
sgproxlmately Oo F. IgnXtlon proaedura A. 
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Figure 18. - Altlt8de  ignltion  characteriatlas wlth MIL-F-5624 made JP-4 fuel. Fuel temperature, 
approxlmately 50 B; englne-Inlet alr temperature,  approximately 0' P. Ignition  procedure B. 
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fie1 . . Exhaust-nozzle Fuel !Purbine-outlett; 
outlet- m a ,  flow, indicated temperature,. 
8q in. lb /hr 9 

' 0 KCL-F-5624A pade Jp-3 614 - 712  672 
614 697  666 

1.20 

(a) Engine speed, 6534 rpm. 
I 

Erhauat-nozzle Fuel Turbine-outlet 
outlet area, flow, lndimted temperature, 

sq in. lb /hr OF I 
t 0 MIL-F-5624h JT-3 - 446 1220  1076 

0 MIL-F-562U grade Jp-4 446 1216  1077 

0 1 2 3 4 .  5 
Distance from lnner wall, id. 

. -  

(b) Engine speed, 7260 rpm. 

FigureZ3. - Effect of two grades of fuel on turbine-outlet femperature dlstribu- 
t ione.  Altitude, 45,000 feet;  fllat Mach number. 0.20: ermine-Inlet alr  tem- 
perature, OO F. . .  
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F- 25. - Effect of two grades of fuel on combustion efficiency.  Altitude 45,000 feet; Flight Mach number, 0.20; 
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